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twice to achieve maximum displacement of native OLA ligands by the new ones. After the ligand exchange, 
purified QDs with the new surface ligands were dispersed in toluene for further use. 
Films consisting of a PMMA matrix embedded with QDs (QD/PMMA) were obtained by the spin-coating 
method. For this purpose, the necessary amount of PMMA was preliminarily dissolved in toluene during 96 hours. 
Then, QDs dispersed in toluene were added to this solution at a PMMA-to-QD mass ratio of 30:1. The resultant 
mixture was stirred in a microtube on an automatic stirrer for 3 h and was periodically sonicated. After that, the 
mixture was applied onto a glass substrate and spun at 500–1500 rpm. The characteristic thickness of the 
QD/PMMA films was 1 ȝm. 
The absorption spectra of the QD dispersion in toluene and QD/PMMA films were measured using a Cary 60 
UV-Vis spectrophotometer. The luminescence spectra were measured on Cary Eclipse spectrofluorimeter. The 
luminescence QY of the QD dispersions in toluene and QD/PMMA films were estimated in an integrating sphere. 
The luminescence was excited with the radiation of a semiconductor laser with a wavelength of 440 nm. A 
fluorescein solution was used as a reference for determining the QY. 
3. Results and discussion 
At the first stage of the study, we analyzed the optical absorption and luminescence spectra of the QD dispersions 
in toluene and QD/PMMA films applied onto a glass substrate (Fig. 2). As seen in Fig. 2, the shapes and positions of 
the spectra of toluene-dispersed QDs were independent of the ligand type. The positions of the absorption spectra of 
the QD/PMMA films were the same as those of QDs in solution, whereas the luminescence spectra of the films were 
somewhat red-shifted compared to those of the QDs in toluene. The shift was about 5–7 nm and only slightly 
depended on the ligand type. This shift is most likely to have been caused by nonradiative transfer of excitation in 
ensembles of closely located QDs in [Reitinger et al. (2011)] resulting from heterogeneous distribution of the 
nanoparticles in the PMMA matrix. The effect of luminescence reabsorption can be excluded, because the optical 
densities of the films at the luminescence wavelength was substantially smaller than 0.1. 
Confocal fluorescence microscopy was used to estimate the homogeneity of the QD/PMMA films. The results 
showed that the obtained films contained QD agglomerations ~1 ȝm in size. The similar agglomerates was observed 
in [Reitinger et al. (2011)]. 
We performed TEM analysis of the structure of these agglomerations in the QD/PMMA composite, using TOPO-
coated QDs as an example. A Zeiss Libra 120 microscope was used. The TEM data confirmed the results of 
ɫonfocal fluorescence microscopy (Fig. 3). As seen in the TEM images, the mean distance between QDs 
considerably varied in different regions of the sample. In agglomerations, the distances between the particles were 
comparable to their diameters. Since the Förster transfer radius for QDs is ~15 nm [Shafiei et al. (2011)], effective 
nonradiative transfer of excitation may have occurred in the agglomerations. 
The next stage of the study consisted in measurement of the luminescence QY of the QD dispersions and 
QD/PMMA films (Table 1). QD-TOPO and QD-OT in toluene had substantially higher luminescence QY than QD-
TP. In the QD/PMMA films, the luminescence QY of all QDs were three to five times lower. The considerable 
difference between the QY of QDs with aliphatic ligands and QD-TP being preserved and even more pronounced 
compared to the toluene solutions. 
The observed difference between QY for particles with aliphatic ligands and QD-TP is consistent with the data 
obtained previously for solutions QD in [Liu et al. (2008)]. TP has been shown in [Liu et al. (2008)] is an effective 
hole acceptor due to the presence of aromatic ʌ-electrons. This determines an increased probability of nonradiative 
recombination. Comparing our data for QDs dispersion in toluene and QD/PMMA composites, it can be concluded 
that the main reason of low QY for QD-TP in PMMA matrix is also a specific energy structure of the TP molecules. 
An additional factor accounting for the low QY could be the relatively small size of the TP molecule. The TOPO 
and OT molecules are ~1 nm in length. The TP molecule is about half as long; hence, the minimum distance 
between TP-coated QDs in agglomerations may be two times shorter. This could result in a considerably greater loss 
of energy due to nonradiative transfer.  
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Table 1. Quantum yield of QD dispersions in toluene and QD/PMMA films. 
QD ligand QY, % 
QD dispersion in toluene QD/PMMA film 
TOPO 51±2 18±2 
OT 59±2 15±1 
TP 28±2 5±1 
 
At the concluding stage of the research, we compared the photostabilities of QD/PMMA composites containing 
QDs with different ligands. For this purpose, we estimated how the amplitudes of luminescence of the QD/PMMA 
films changed with time during their permanent laser irradiation for 1 h. The excitation wavelength was 440 nm. 
The intensity of laser radiation at the surface of the sample was 3 W/cm2, which corresponds to the operational 
conditions of converters in commercially available high-power white light-emitting diodes. The luminescence 
amplitudes of all samples remained constant within the time interval studied. Thus, the type of the surface ligand 
had no substantial effect on the stability of luminescence of QD/PMMA composites. 
4. Conclusions 
Our analysis of the luminescence properties of QD/PMMA films has shown that their luminescence spectra are 
slightly red-shifted (by ~7 nm) compared to the QD dispersions, irrespective of the surface ligand type. This shift is 
accounted for by nonradiative transfer of excitation in QD agglomerations formed in the films. 
The luminescence QYs of the films are three to five times lower than those of the same QDs in dispersions. The 
luminescence QY of QDs with aliphatic ligands is ~15%, whereas that of QDs with the aromatic ligand TP does not 
exceed 5%. We assume that this effect is due to hole capture on TP aromatic ʌ-orbital. 
Irrespective of the type of surface ligands, all QD/PMMA films have proved to be highly photostable upon laser 
irradiation at a wavelength of 440 nm. 
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